Abstract: Chemical signatures of carbonate biominerals are important for understanding biomineral formation, and are a subject of great interest in geosciences for applications in paleoclimatology and paleoceanography. A prominent unknown factor is the chemistry of organic matrices, in particular that of the inter-crystalline fraction. Here, we use atom probe tomography (APT) for the nanoscale chemical characterization of the mineral-organic interface in calcite from mussel shells. Our findings indicate that the quality of APT bulk chemistry results is highly dependent on sample preparation, yet data on biogenic calcite could be geochemically interpreted with confidence. Three-dimensional (3D) reconstructions of calcite tip specimens show the presence of organic matrix domains, characterized by the depletion of cations but enrichment in oxygen and carbon, and with at least 1% atomic increase in 16 O relative to the surrounding mineral phase. This is the first relative, in-situ quantification of the chemical composition of the inter-crystalline organic matrix (IOM) for a carbonate biomineral, with implications for a better understanding of vital effects, proxy calibration, and the formation of these biocarbonates. Overall, our findings demonstrate the potential of nanoscale characterization of biominerals and their abiogenic counterparts to further advance our understanding of their chemistry.
Introduction
The study of calcium carbonate biominerals plays a very important role in the understanding of biomineralization processes (e.g., [1, 2] ). Despite numerous studies, there are still fundamental aspects about the chemistry of these biominerals that are insufficiently known. The absence of this chemical information has an impact in our knowledge of biomineral formation [3] . Also, this can impact the correct interpretation of chemical proxy data from these biominerals, which is used for reconstructions of past climates, environments, and oceanic conditions [4] . One of those aspects relates to the chemical signature of organic matrices, as these biominerals are composites of mineral and organic phases [3] .
Biominerals have two main organic components: an intra-crystalline fraction, inside the mineralized structure (i.e., a prism) and occluded as a consequence of the mineral nucleation and growth; and an inter-crystalline fraction present in between structures that usually serves as scaffold for mineral growth and emplacement, and which determines the final morphology of crystals. The main component studied in the context of biomineralization is the inter-crystalline organic matrix (IOM) because of its relatively easy visualization with microscopy techniques. The in-situ chemical analysis of the IOM, due to the dimensions of its components (often <500 nm in thickness), is mostly conducted by synchrotron-based techniques [1] . However, this characterization often provides an incomplete picture, with only relative abundances of elements and isotopes.
In this study, we attempt the in-situ analysis of the IOM in the calcitic layer of the bimineralic shell of the common blue mussel (Mytilus edulis) using the technique of atom probe tomography (APT). The calcite of the Mytilus shells is chosen as a first approximation to the analysis of biogenic carbonates in the context of biomineralization because of previous studies of the same organism (e.g., [5] [6] [7] ). Also, shells of Mytilus species, in particular those of M. edulis, have been used for proxy calibrations and to further elucidate vital effects [8] [9] [10] [11] . Previous applications of APT to the study of biominerals have provided excellent results in the chemical characterization of interfaces and organic phases [12] [13] [14] . More recently, this has been further shown for the APT characterization of mineral-organic interfaces in Foraminifera calcite [15] . In parallel to the analysis of the organic matrix of calcite in these mussel shells, an equally important goal is to evaluate the optimization of sample preparation of biocarbonates for APT studies. APT focused ion beam (FIB)-sample preparation and analysis of organic-rich mineral phases is challenging [15] , and has so far been reported extensively only for biomagnetite and bioapatite [12, 13] .
Material and Methods

Materials
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Materials
Individuals of the common blue mussel (Mytilus edulis) were collected alive in the shoreline close to Praia da Lanzada, near O Grove (Galicia, NW Spain; 42.4512° N, 8.8785° W). After tissue removal, shells were cleaned with NaOCl and distilled water and allowed to dry out at room temperature. The left valve of one shell was sectioned along the length (umbo to posterior region) to expose a section across the shell thickness, with the calcite on the outer part and aragonite nacre on the inside ( Figure  1) ; subsequently, this section was highly polished for focused ion beam milling. From a different individual, a shell section was obtained to expose the {0001} plane of calcite. 
Methods
Selection of Regions of Interest
The polished samples were secured to an aluminum stub using conductive silver liquid paint and sputter-coated with 15 nm of Cu. Several regions of interest were carefully selected to ensure that the specimen tips would enclose a section of the biomineral structure (calcite acicular crystals), as well as a portion of the inter-crystalline organic matrix (Figures 1 and 2) . Through polishing and subsequent Cu coating, the difference in relief between both phases (mineral and organic) was apparent under SEM (JEOL, Tokyo, Japan) visualization, albeit more clearly for wedges extracted from the plane ({0001}) containing the c-axis (see Figure 2B ).
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The specimen tips were extracted from the section containing the calcite across the shell thickness, from a wedge nearly perpendicular (maximum 15° deviation) to the c-axis of calcite ( Figure  2A ). An additional wedge was extracted from the {0001} plane ( Figure 2B ). Crystallographic orientations are based on published electron backscatter diffraction (EBSD) results [5] . 
Focused Ion Beam (FIB) Work
Specimen tips for APT analyses were prepared by focused ion beam (FIB) ( Figure 2C ,D), using an adapted FIB-based lift-out protocol [16] . A dual beam scanning electron microscope TESCAN LYRA XMU, housed at the Central Analytical Facility (CAF) of the University of Alabama was utilized for this purpose. A rectangle of Pt was deposited on the polished section of the Cu-coated carbonates using a Ga + ion beam at 30 kV and 7 pA. A wedge of material below the Pt rectangle was then cut using the ion beam (30 kV, 1 nA) on the three sides, and then welded to an in-situ nano- The specimen tips were extracted from the section containing the calcite across the shell thickness, from a wedge nearly perpendicular (maximum 15 • deviation) to the c-axis of calcite ( Figure 2A ). An additional wedge was extracted from the {0001} plane ( Figure 2B ). Crystallographic orientations are based on published electron backscatter diffraction (EBSD) results [5] .
Specimen tips for APT analyses were prepared by focused ion beam (FIB) ( Figure 2C ,D), using an adapted FIB-based lift-out protocol [16] . A dual beam scanning electron microscope TESCAN LYRA XMU, housed at the Central Analytical Facility (CAF) of the University of Alabama was utilized for this purpose. A rectangle of Pt was deposited on the polished section of the Cu-coated carbonates using a Ga + ion beam at 30 kV and 7 pA. A wedge of material below the Pt rectangle was then cut using the ion beam (30 kV, 1 nA) on the three sides, and then welded to an in-situ nano-manipulator (SmarAct) using FIB-deposited Pt before cutting the final edge free. Segments 1-2 µm wide were cut from each wedge and sequentially affixed with Pt to the tops of Si posts of a microtip array coupon purchased from CAMECA Scientific Instruments, Inc., Madison, WI, USA. Each tip was shaped and sharpened using annular milling patterns of increasingly smaller inner and outer diameters. Initially, the milling was performed at 30 kV to produce the specimen geometry necessary for APT. Final milling was performed at an accelerating voltage of 5 kV, in order to reduce Ga + implantation and obtain a consistent tip-to-tip shape. The diameter at the top of the tips varied between 30-50 nm, while the shank angle ranged from 27 • to 42 • . Eight tips were extracted from each wedge, resulting in a total of 16 specimens.
Scanning Electron Microscopy (SEM) Imaging
After FIB-specimen preparation, the studied shell sections were etched with 2% HCl for high-resolution imaging using a JEOL 7000 FEG-SEM (20 kV, medium (8) spot size, and betweeñ 20-30 mm working distance) (JEOL, Tokyo, Japan), housed at the CAF of the University of Alabama (see Figure 1) . Prior to imaging, the samples were gold-coated in a sputter coater for one minute.
Local Electrode Atom Probe (LEAP) Work and Data Analyses
All specimen tips (n =16) were analyzed using a local electrode atom probe LEAP 5000 XS (Madison, WI, USA) equipped with a pico-second 355 nm UV laser from Cameca instruments, housed at the CAF of the University of Alabama. However, only five tips, which did not fracture, generated more than one million ions; these were the ones further evaluated for this study (Tables 1 and 2 ). APT data were reconstructed using Integrated Visualization and Analysis Software (IVAS, version 3.6.12) from Cameca Instruments, Inc.
The reconstructions were completed by manually fitting the time-of-flight mass spectrum iteratively, using the voltage and bowl fitting parameters within the IVAS platform. The three-dimensional reconstructions of APT data (total ions and isosurfaces) were performed using the "shank" tip profile method, to determine the reconstructed radius as a function of analyzed depth. Peak ranges were defined as the entire visible peak or adjusted manually when large thermal tails were present (APT raw and bulk ionic data can be found in the Supplementary Materials Tables S1 and S2). 
Results
Quality of Atom Probe Tomography Specimens
APT tip specimens were extracted from two shell sections for calcite acicular crystals: (1) on a section nearly perpendicular to the orientation of the c-axis for both minerals ( Figure 2C) ; and (2) on the {0001} planes of calcite ( Figure 2B ). FIB work was more laborious on the near-perpendicular sections, requiring more time to fabricate the wedges and sharpen the tips, and faster on specimens extracted from sections containing the c-axis for prisms. In contrast, the APT yield was higher for tips generated from these near-perpendicular sections; for example, there was a success rate of 50% of tips run in the LEAP, in comparison to a 25% success rate for tips extracted from the {0001} plane. Besides tip yields, though, the quality of APT data is quite dissimilar. APT analysis of tips from the perpendicular sections provided very good results, with more than 10 million total ions per tip in three tips (Table 1) , and interpretable chemical spectra, with low backgrounds and minimal peak overlapping ( Figure 3 and Table 1 ).
APT Figure 2B ). FIB work was more laborious on the near-perpendicular sections, requiring more time to fabricate the wedges and sharpen the tips, and faster on specimens extracted from sections containing the c-axis for prisms. In contrast, the APT yield was higher for tips generated from these near-perpendicular sections; for example, there was a success rate of 50% of tips run in the LEAP, in comparison to a 25% success rate for tips extracted from the {0001} plane. Besides tip yields, though, the quality of APT data is quite dissimilar. APT analysis of tips from the perpendicular sections provided very good results, with more than 10 million total ions per tip in three tips (Table 1) , and interpretable chemical spectra, with low backgrounds and minimal peak overlapping ( Figure 3 and Table 1 ). Figure 3 . APT mass-to-charge ratio spectra chemical data. (A) Example of a mass spectrum (x-axis: mass-to-charge ratio and y-axis: ion count-please note that units are not relevant in this case and have been deleted for figure clarity) corresponding to tip 269 (see Table 1 ), with the identification of major peaks; (B) Comparison of the partial spectrum (between 11 Da and 21 Da) for tip 269 (region B in top figure) and abiogenic calcite (bottom figure; adapted from Pérez-Huerta et al., [17] Table 1 ), with the identification of major peaks; (B) Comparison of the partial spectrum (between 11 Da and 21 Da) for tip 269 (region B in top figure) and abiogenic calcite (bottom figure; adapted from Pérez-Huerta et al., [17] ). Note the presence of single ion peaks for 12 C (12 Da), 16 O (16 Da), 16 O + H + (*; 17 Da), 18 O (18 Da), and 18 O + H + (**; 19 Da) specific to the biogenic calcite.
Atom Probe Tomography Chemical Data
Due to differences in the quality of datasets (i.e., yield), bulk chemistry data can only be properly assessed for the tips that provided the highest number of total ions and well-defined peaks. Three calcite tips (268, 269 and 299; Tables 1 and 2 ), providing the highest number of counts, were analyzed in detail. Bulk chemistry data from these tips reveal significant differences. For example, the atomic bulk composition of tip 268 is closer to the values reported for abiogenic calcite [17] , whereas the composition of tip 269 shows evidence of carbon enrichment and oxygen depletion ( Table 2) . Independently of the stoichiometry, all tips exhibit "new" peaks on the mass spectra that are associated with biogenic carbonates (Figure 3 ). Single oxygen peaks were identified for both 16 O and 18 O, and associated with hydroxyl (OH − ) peaks at 17 Da and 19 Da, and carbon also appears as a single ion ( 12 C). These peaks are not present in the APT results of abiogenic calcite [17] (Figure 3B ). APT also shows the presence of sodium and nitrogen, but with very low concentrations ( Table 2) , characteristic of biogenic calcite.
Discussion
The optimization of sample preparation protocols for APT analysis of biocarbonates was an important objective of this study, because insulator materials are notoriously challenging to be analyzed by APT. The presence of organics and the typically brittle nature of biogenic carbonates add a higher degree of difficulty to the process of sample preparation. Furthermore, the influence of crystallography on APT analysis has been previously suggested for mineral samples [17] . APT tip samples were extracted from shell sections corresponding to different crystallographic planes, and differences were found with regard to how fast and effective the FIB-SEM work was achieved (Figure 2) . Surprisingly, samples that were easier to prepare, from the {0001} planes, provided smaller yields, lower total ion counts, and insufficient bulk chemistry data ( Table 2) . Although only specific types of biocarbonates were analyzed herein, the influence of crystallography on the quality of APT data may be a recurrent phenomenon for the analysis of biominerals as it is in abiogenic minerals.
Because the IOM between calcite prims was the main target for APT characterization, we expected that the bulk chemistry values for calcite would not be stoichiometrically accurate. Organic components are known to interfere with the local electrode in the LEAP, potentially generating chemical interferences [18] . With the exception of tip 268, this was observed in all calcite tips ( Table 2 ), indicating that part of the IOM was analyzed for most tips. Higher organic content can result in an increased loss of ions, especially those of lower masses, during the field evaporation of tip specimens. Despite these issues with the stoichiometry, APT analysis of calcite reveals the presence of sodium and nitrogen in amounts that represent real chemical signatures ( Table 2 ). The presence of sodium has been previously reported in Mytilus edulis shells by electron probe micro-analysis (EPMA) [5] , but its importance and location within the crystal lattice or the organic matrix is open for debate. Meanwhile, the presence of detectable nitrogen could be attributable to the protein fraction of the IOM (e.g., [19] [20] [21] ).
The 3D reconstructions of specimens capture the presence of the IOM, as a result of preparing the tips with both the mineral and IOM phases from the crystals (Figure 4) . The presence of this IOM in tip reconstructions is associated with areas of high concentrations of specific ions (Figure 4 ), which were found in all analyzed calcite tips. To elucidate what ions are predominant in these areas, and whether they correspond to a mineral or organic phase, 3D elemental isoconcentration reconstructions were generated (Figures 4 and 5) . Using calcium as a marker for the location of atoms associated to the crystal lattice of the mineral phase, these reconstructions reveal the presence of regions depleted in this element, yet enriched in oxygen and carbon (+1 charge) (Figure 4) . In the APT analysis of inorganic calcite, it was found that field evaporation of oxygen occurs as O 2 , or as part of CO 3 2− , and that carbon also appears as part of the carbonate fraction [17] . This a clear indication that these regions depleted in calcium and enriched in light isotopic elements correspond to the organic phase related to the IOM. Also, these regions contain the lowest concentration of sodium (<0.3%) ( Figure 5 ), indicating that this element may be mainly associated to the mineral phase in calcite or to the intra-crystalline organic fraction. Branson et al. [15] have recently shown the occurrence of high Na concentrations at the atomic scale within the organic fraction of calcite in the Foraminifera Orbulina universa. Also, the role of sodium and other cations was discussed in the context of carbonate nucleation during biomineralization. The finding of a very low Na content in the IOM suggests a different role in the formation of calcite biominerals in mussel shells. Na concentrations at the atomic scale within the organic fraction of calcite in the Foraminifera Orbulina universa. Also, the role of sodium and other cations was discussed in the context of carbonate nucleation during biomineralization. The finding of a very low Na content in the IOM suggests a different role in the formation of calcite biominerals in mussel shells. (Tables 1 and 2) show similar characteristics to those illustrated here.
The 3D reconstructions of the calcite tips allow the discussion of the chemical signatures associated to the IOM. The IOM does not contain any major or trace elements in concentrations above a 15 ppm background level, estimated from the average background detection limit for calcite in this study ( Table 1 ). The only previous study that attempted to characterize the elemental component in the IOM of bivalve mollusks suggested high (>100 ppm) amounts of magnesium [22] . However, the analyzed shells were aragonitic, of the bivalve Artica islandica, and indirect methods were applied to determine the potential chemical composition of these organic matrices.
In addition to the elemental composition, APT results provide a powerful insight into the isotope atomic abundances of the IOM in the calcite of Mytilus shells, when one or more matrix-related ions are identified in sufficient concentrations (Supplementary Materials Tables S1 and S2 ). Specific regions of interest can be isolated, and the chemistry, including isotopes outside and inside those locations, can be further constrained by referring to proxigrams ( Figure 5 ). Concentration profiles (in atomic %) can be drawn across the region of interest, where a distance of 0 nm marks the interface between the mineral and organic rich regions ( Figure 5 ). Because of unresolved problems with APT detecting the absolute concentrations for isotopes of elements with low masses, such as oxygen (for example, there is a difficulty with the decomposition of the hydrogen and oxygen concentration in OH − for peaks at 17 Da and 19 Da), only relative abundances for single oxygen and carbon peaks can be given at this point. In this study, calcite tip 269 showed sufficiently high concentrations of oxygen isotopes to allow a discussion on the isotope chemical signature of the organic matrix. In an isotopic comparison at the mineral-IOM interface of tip 269 ( Figure 5 ), excluding the hydroxide contribution, the 16 O content is higher inside the organic matrix (~2 atomic %) than in the mineral phase (0.6-1 atomic %). Given that the OH − content is also higher within the IOM and the oxygen contribution is mainly related to 16 O, this further indicates that the 16 O concentration in the organic phase could be even higher ( Figure 5 ). This trend is not apparent for 18 O, and there are insufficient counts of 12 C to evaluate its concentration inside the IOM ( Figure 5 ). The 3D reconstructions of the calcite tips allow the discussion of the chemical signatures associated to the IOM. The IOM does not contain any major or trace elements in concentrations above a 15 ppm background level, estimated from the average background detection limit for calcite in this study ( Table 1 ). The only previous study that attempted to characterize the elemental component in the IOM of bivalve mollusks suggested high (>100 ppm) amounts of magnesium [22] . However, the analyzed shells were aragonitic, of the bivalve Artica islandica, and indirect methods were applied to determine the potential chemical composition of these organic matrices.
In addition to the elemental composition, APT results provide a powerful insight into the isotope atomic abundances of the IOM in the calcite of Mytilus shells, when one or more matrix-related ions are identified in sufficient concentrations (Supplementary Materials Tables S1 and S2 ). Specific regions of interest can be isolated, and the chemistry, including isotopes outside and inside those locations, can be further constrained by referring to proxigrams ( Figure 5 ). Concentration profiles (in atomic %) can be drawn across the region of interest, where a distance of 0 nm marks the interface between the mineral and organic rich regions ( Figure 5 ). Because of unresolved problems with APT detecting the absolute concentrations for isotopes of elements with low masses, such as oxygen (for example, there is a difficulty with the decomposition of the hydrogen and oxygen concentration in OH − for peaks at 17 Da and 19 Da), only relative abundances for single oxygen and carbon peaks can be given at this point. In this study, calcite tip 269 showed sufficiently high concentrations of oxygen isotopes to allow a discussion on the isotope chemical signature of the organic matrix. In an isotopic comparison at the mineral-IOM interface of tip 269 ( Figure 5 ), excluding the hydroxide contribution, the 16 O content is higher inside the organic matrix (~2 atomic %) than in the mineral phase (0.6-1 atomic %). Given that the OH − content is also higher within the IOM and the oxygen contribution is mainly related to 16 O, this further indicates that the 16 O concentration in the organic phase could be even higher ( Figure 5 ). This trend is not apparent for 18 O, and there are insufficient counts of 12 C to evaluate its concentration inside the IOM ( Figure 5 ). Our results show the first quantification of the chemical composition of the IOM of a carbonate biomineral, and have implications for the understanding of chemical proxies. The lowest estimation reflects that the organic matrix is enriched in 16 O by at least 1 atomic percent. If these values can be generalized for calcite biominerals in different organisms, we could potentially define "correction values" that could be used to understand the organic contribution to the isotopic composition of the biomineral. This would be of particular importance for in-situ isotopic techniques (e.g., secondary ion mass spectrometry (SIMS)), for which the organic contribution is a known problem that cannot be resolved without modifying the original biomineral structures by chemical (e.g., bleaching) or physical (e.g., roasting) methods directed to remove the organics [23] . Furthermore, given that APT can detect elemental concentrations higher than 20 ppm in this case, the same approach could be utilized to better understand the organic matrix contribution to elemental concentrations. For example, it would be of great interest to further analyze the organic matrices in aragonitic shells of bivalves and validate whether magnesium is mainly bounded to organics in these shells [22] . Our results show the first quantification of the chemical composition of the IOM of a carbonate biomineral, and have implications for the understanding of chemical proxies. The lowest estimation reflects that the organic matrix is enriched in 16 O by at least 1 atomic percent. If these values can be generalized for calcite biominerals in different organisms, we could potentially define "correction values" that could be used to understand the organic contribution to the isotopic composition of the biomineral. This would be of particular importance for in-situ isotopic techniques (e.g., secondary ion mass spectrometry (SIMS)), for which the organic contribution is a known problem that cannot be resolved without modifying the original biomineral structures by chemical (e.g., bleaching) or physical (e.g., roasting) methods directed to remove the organics [23] . Furthermore, given that APT can detect elemental concentrations higher than 20 ppm in this case, the same approach could be utilized to better understand the organic matrix contribution to elemental concentrations. For example, it would be of great interest to further analyze the organic matrices in aragonitic shells of bivalves and validate whether magnesium is mainly bounded to organics in these shells [22] .
The use of APT in the study of biominerals is still emerging, yet our study illustrates the usefulness of this technique in the analysis of carbonate biominerals. Overall, our findings demonstrate the potential of nanoscale chemical characterization of the organic matrices, for a better understanding of biomineral information and the correct interpretation of proxies, which are of great importance in paleoclimatology and paleoceanography.
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